ABSTRACT
Two identification techniques, which are the Method of Feasible Directions (MFD) based on optimization concept and the Hybrid Method (HM) combining the merits of the State Variable Filter method (SVF) and MFD, are proposed for the parameters identification of rotor system with squeeze-film damper (SFD) . The parameters of SFD, including hydrodynamic inertia, damping and stiffness, are identified and the results obtained by using MFD and HM are compared to those using SVF. The accuracy and efficiency of using these techniques are demonstrated by the experimental simulation with various noise levels and different initial values. The results indicate that the choice of initial values is of no significant effect on SVF method and the accuracy of SVF depends on the level of noise. However, for MFD method , it is almost independent of noise effect but significantly affected by the choice of initial values. The Hybrid Method (HM) is proposed to overcome these handicaps and found of better accuracy and efficiency than SVF and MFD. Then, it is highly recommended for the parameters identification of system with noise effect. : direct and cross damping coefficients of squeeze film damper, respectively : direct damping coefficients without squeeze film effect : n design variables vector : design variables : scalar factor for constraint functions : excitation and measured excitation force vector, respectively : objective function : forces of squeeze film in x and y directions : identified parameter matrices : excitation forces in x and y directions : inequality constraint functions : initial condition vector : clearance between the journal and the housing : least squares cost function : nondimensional direct and cross stiffness coefficients of system ,respectively : direct and cross stiffness coefficients of squeeze film damper, respectively : direct stiffness coefficients without squeeze film effect : nondimensional direct and cross inertia coefficients of system ,respectively : the inertia mass of the system without squeeze film effect direct and cross inertia coefficients of squeeze film damper, respectively : number of samples on each measured signal damping, stiffness and inertia matrices of entire system, respectively damping, stiffness and inertia matrices of squeeze film damper, respectively damping, stiffness and inertia matrices without squeeze film effect, respectively nondimensional direct and cross damping coefficients of system ,respectively matrices of filter constants cients. The comparison indicates that the SVF method is much superior, not only for computational efficiency but also for accuracy. The state variable filter approach was further applied to estimate the complete set of twelve linear hydrodynamic coefficients by Ellis et al. (1990) This study is proposing two new identification techniques, one is the technique of optimization method-Method of Feasible Directions (MFD), the other is Hybrid Method (HM). The MFD starts from a global viewpoint by choosing a period of experimental data in time domain, and using curve fitting concepts together with optimization method. While SVF method is to update the parameters step by step locally with the condition of minimum difference between each measured data and estimated value in time-series. The concepts of optimization method is distinctly different from those of SVF method. The Hybrid Method, which combines the merits of SVF and MFD, is expected to be of better accuracy and efficiency.
P14324142
initial condition parameters X,Y nondimensional displacements in x and y directions z(t),z",(t) the undamped natural frequency of system
INTRODUCTION
Since the rotor bearing system in modern high speed rotating machinery often experiences large vibration problem which may be caused by rotor shaft unbalance and/or dynamic instability of the system, the fundamental work is to reduce the high vibration amplitude to increase the fatigue life and performance of system. Many investigators [ Mohan and Hahn, 1974 ; Cunningham et al. ,1974 ; Bansal and Hibner, 1978 ] have shown that squeeze-film damper (SFD) can be used to significantly attenuate the vibration problem and stabilize the rotordynamics of turbomachinery. However, it has also been shown that an improperly designed squeeze-film damper can induce large dynamic loads. Therefore, it is very important to accurately estimate the properties of the squeeze-film damper. Some researchers [ Modest and Tichy, 1978; Tichy, 1983; Tichy and Chen, 1985; San Andres, 1985; San Andress and Vance, 1986] have shown that, except the primary damping and stiffness, the fluid inertia effect of squeeze film damper should also be taken into account in the design analysis.
This leads to the necessity of estimating the dynamic coefficients of SFD including inertia, damping and stiffness. A number of techniques dealing with identification of bearing coefficients have been developed for the linear or linearized system. The identification methods for squeeze-film damper can be categorized in time domain as well as in frequency domain techniques. A frequency domain approach for estimating directand cross-damping coefficients of SFD was given by Burrows and Sahinkaya (1982) . A refined frequency-domain parameter estimation algorithm was also developed by Burrows et al. (1987) to determine twelve squeeze-film linear dynamic coefficients. Ramli et al. (1987) presented a time-domain technique for estimating the direct damping and inertia coefficients of a squeeze-film bearing based on transient response experiments.It involves the application of invariant imbedding method (JIM), which is of recursive way using a nonlinear estimation algorithm [ Detchmendy and Sridhar, 1966 ] . It also has been applied to estimate the damping coefficients from the force response data by Stanway (1983) using synchronous excitation. Ellis .et al. (1988) presented the comparison of JIM and state variable filter (SVF) method in identifying the dynamic coefficients including inertia, damping and stiffness of squeeze-film damper with model of single degree of freedom. Both methods yield a recursive scheme for sequentially estimating all coeffi-
EQUATIONS OF MOTION
Consider a simple squeeze-film damper as shown in Fig.1 
where F, and Fy are squeeze-film forces and functions of displacements, velocities, and accelerations of the journal motion.
And f, and fy are the excitation forces applied on the journal.
It should be noted that the system c"," csys, ksxy and ksyx are neglected compared to the hydrodynamic effects. Let F, and F5 to be of linear form as follows:
▪ dt where the subscripts "s" and "h" denote the structural system parameters and hydrodynamic components respectively. Define the nondimensional variables as follows
where h is the clearance between the journal and the housing, w is the natural frequency of the system. Substituting Eqns. (3)- (5) into Eqns. (1) and (2), one can obtain the equations of motion in nondimensional form as follows:
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response Z(t2) at the sample times t, [ Gawthrop et al. (1988) ]. Consider the system with input F(t) and output Z(t). And the relationship between the measured and the estimated input and output can be expressed as: Eqn. (6) can be symbolically written as (7) MZ-i-CZ-EKZ=F (8) where
.fy
It should be noted that the coefficient matrices of Eqn. (8) Eqn. (9) is a more convenient form in the identification process.
Obviously, if a, b, and B are known, the real system coefficients M, C, and K can be identified. The concept for the identification of squeeze-film parameters may be stated first to identify the parameters M,,"C", and Km with empty-oil condition, and secondly to identify the parameter matrcies M, C, and K with full-oil condition. 
IDENTIFICATION TECHNIQUES 1. State Variable Filter Method (SVF)
The concept of SVF method is to estimate the parameter values a, b, and B shown in Eqn. (9) by minimizing the difference between the measured response Z",(t,) and estimated
Fm(ti) =F(t,)+ EF(t,) Z(t2) + ez(t8)
where eF(t,) and ez(t,) are the observation noise of input and output at the sampling time t,. The subscript "in" denotes measured response. Since the identification problem is of linear in-the-parameter " type, it is possible to derive an alternative "linear least-square" algorithm, which is computationally more efficient. The first step is to cast Eqn.(9) into the following form:
2+ c2 + dZ = BF + f2 + gZ It is noticed that the response of the system is now linearly related to the values of the parameters in f, g and B.
The identification of all the individual elements of f, g and B requires the filter response to a total of ten inputs. The filter is specified by the values of the elements in c and d. Consider the following "auxiliary differential equations":
ji + cPi + dpi = 0
where p,, ç , and 02, are all two-vectors. The forcing functions for the auxiliary equations are of the following forms
The comparison of Eqns. (11)- (13) to Eqn.(10) with appropriate initial conditions [ Roberts et al. (1990) 
where f , gii and Bo are the corresponding elements of matrices f, g and B respectively.
The parameters pi, qi and the filter responses pi (i=1,2) in Eqn. (15) have been introduced to allow for the effect of the nonzero initial conditions. A convenient choice of initial conditions for the auxiliary equations is given as follows
Here the vector h is chosen such that its i-th element is of a 
=
And repeat the calculation for each time step of the following Eqns.
Set 6(0) arbitrarily and P(0) = cJ , where a is a very large positive scalar, and I is the identity matrix. The procedures of SVF method can be summarized as follows:
Step 1: Calculate r(t) by means of 4-th order Runge-Kutta method through Eqns. (11) - (13) with initial conditions
Step 2 : Having measured displacements Z,T,(ti) and calculated F(t) from step 1, for i=0,1,2,...,(N-1), one can (22) value of unity-i.e., h = El/k1 where hk = 0, for k i 1, for k= i
An incremental solution of Eqns. (11) to (13) 
Step 3 : With full knowledge of a = c -f, b = d -g, and B , the elements of M, C and K can be estimated.
Method of Feasible Directions (MFD)
The optimization technique of Method of Feasible Directions, MFD, [ Zoutendijk,1960 1 , is employed to identify the system parameters. Before applying the MFD, it is necessary to define the optimization problem. The nonlinear constrained optimization problem in this study can be mathematically stated as : (1) (18) where ® is the parameter vector
The unknown parameter vector e can be estimated by minimizing the difference between Z(t) from Eqn. (18), and the measured data, Z",(t,), at the sample times t,. It is usually convenient to minimize in least square sense, i.e., to minimize the least square cost function.
The sequential least-square estimation (SLSE) is employed to minimize J, which involves generating estimates, 0(t1) of e, sequentially, for i=0,1,2,...,(N -1) by marching in time steps, through the data. As described by Hsia (1979) , one can establish the auxiliary matrix P as follow
The objective function F(D) is defined as
The .fC and it ' are the estimated displacement response which can be solved by direct integrating Eqn.(6) of the form
The X and Y are the measured displacements due to excitations fx and fy. The constraint functions are chosen as follows (25) gi ( where Ai and A, are the reference amplitude of measured shaft displacements in x and y directions, j and k denote the number of the peak, valley and zero points of measured displacements in x and y coordinates respectively, and e is a scalar factor which can be adjusted. It is noted that both objective and constraint functions are implicit nonlinear in design variables D. The optimization technique employed in this study requires two procedures : (1) determining the search directions; and (2) deciding the search-step size. Based on the features of MFD, the searching direction can be determined. Then the step size is obtained using one-dimensional search technique. The procedures are summarized as follows
Step 1 : Guess initial values and set larger values of factors e in Eqn. (26) , i.e. to form a larger scope of feasible region.
Step 2 Find a set of optimum values (local minimum) by means of MFD.
Step 3 Reduce the value of e by multiplying a scalar, say 0.5 or 0.2, i.e. to reduce the scope of feasible region.
Step 4 : Use the previous optimum values as initial values and find another set of optimum values by means of MFD.
rTr,)
Step 5 : Repeat steps 3 and 4 until the e is small and the objective function is minimized.
Hybrid Method
The Hybrid Method combines the merits of both State Variable Filter (SVF) method and Method of Feasible Directions (MFD). It will be described more details in the numerical results and discussion. In general, it uses the identified results of SVF as the initial values for MFD.
NUMERICAL RESULTS AND DISCUSSION
The objective of this study is to develop the identification techniques with good accuracy and efficiency for identifying the parameters values of fluid inertia, damping , and stiffness of SFD in rotor system. Fig. 2 shows the equipment of system identification which includes the measurements of inputs and outputs. As shown by Ellis et al. (1990) , random signals are subsequently applied as the forcing inputs which will lead to good parameter estimates under typical experimental conditions.
Since electronic noise and digital quantization will inevitably exist in experimental data, the identification techniques with the cure of measurement noise is the major concern. To assess the influence of measurement noise, Gaussian independent random numbers from computer's pseudo-random number generator are added to the simulated data, Z,."(ti), which can easily be obtained by numerically solving the equations of motion. A conventional measurement of the relative noise level is defined as follow:
where e(t) and the Z,,i(t,) are the components of the noise and the noiseless response vectors in the i-th instant of time.
The forced response are measured for cases with and without oil in SFD to separate the fluid inertia, hydrodynamic damping and stiffness from the entire rotor bearing system. An example is employed to demonstrate the accuracy and the efficiency of the techniques. The identified results of a squeezefilm damper using SVF, MFD and HM are obtained for various niose levels. The initial conditions for all the parameters to be identified are set to be zero for the SVF and HM, which is denoted by ICO. For MFD method, the initial values are usually experience dependent.
The example of rotor system with following positive cross parameter values is considered Two identification techniques, which are the Method of Feasible Directions (MFD) and Hybrid Method (HM), have been proposed for the parameters identification of rotor bearing system with squeeze-film damper. The results of using these techniques are compared to those of State Variable Filter (SVF) method. The conclusions can be summarized as follows:
(1). The SVF method is insensitive to the choice of initial values as well as the low level noise as many authors presented. However, for high noise level, the accuracy of using SVF method will be decreased. (2). The accuracy of using MFD method depends on the choice of initial values. However, it is insensitive to the noise level. If the initial values are chosen properly, which is usually experience dependent, the MFD method will lead to good accuracy and efficiency. In addition, it is required to well define the optimization problem to yield good results. (3). The Hybrid Method, which combines the merits of SVF and MFD methods, is proposed for the parameters identification. The primary advantage of using Hybrid Method is that it is not only independent to the choice of initial values but also insensitive to noise level. Since most of sys-tem measurements are of certain level of noise, the Hybrid Method is highly recommended. 
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